A comparison of the partial amino-acid sequence of neutral protease A from Bacillus subtilis with the structure of thermolysin (EC 3.4.24.4) from Bacillus thermoproteolyticus reveals that these two proteins are homologous. Of 171 residues placed in neutral protease (54% of the sequence), 83 residues (49%) occur in identical positions in thermolysin, and include nine of the 13 residues previously identified as components of the active site of thermolysin. This similarity provides support for the hypothesis that the two enzymes have similar three-dimensional structures and a common mechanism of action. Since these enzymes differ markedly in their resistance to heat inactivation, a comparison of their structures may eventually provide a chemical basis for explaining the differences in their thermal stability. The metalloendopeptidases comprise a group of proteolytic enzymes that share a number of functional properties; these include a pH optimum near 7.0, inhibition by chelating agents-and resistance to inactivation by diisopropylphosphofluoridate or thiol reagents (1). Such "neutral proteases" have been isolated from a wide variety of sources that include bacteria, fungi, and more recently the brush border cells of rabbit kidney (1, 2). Apart from the notable exception of the amino-acid sequence (3) and three-dimensional structure (4) of thermolysin (EC 3.4.24.4), relatively little is known concerning the structural features of the metalloendopeptidases and their relation to function.
Amino-Acid Analyses. These were performed on Beckman (model 120C) or Durrum (model D-500) amino-acid analyzers. Tryptophan was determined after base hydrolysis (11) .
Succinylation. The reaction was carried out as described previously (12) . When a radioactive label was required to identify N-e-succinyl lysine, 1 mCi of [14C]succinic anhydride (0.5 mg) was first added to the protein solution and allowed to react for 0.5 hr. Finely ground, unlabeled reagent was then added and the reaction continued to completion. Succinyl groups were then removed from tyrosine residues by incubation with NH40H (13) .
Cleavages. Wherever possible, we generated large fragments to make maximal usage of sequenator techniques (10) . The strategy of cleavage of neutral protease A is illustrated in Fig. 1 . Only those peptides used for sequence determination are shown.
Methionyl bonds were cleaved by adding solid cyanogen bromide to a solution of protein in either 70% formic acid or 80% trifluoroacetic acid (14) . The reaction mixture was then Iyophilized and the products were separated by gel filtration ( Fig. 2A ). Cleavage at tryptophan was accomplished with BNPS-skatole § in 80% acetic acid (15) . Excess reagent was removed by extraction with 1-chlorobutane, and the reaction mixture was Iyophilized prior to peptide purification in 50% formic acid on Sephadex G-50.
Staphylococcal protease, a gift of Dr. G. R. Drapeau, was used in NH4HCO3 buffer (pH 7.0, 30 min, enzyme/substrate ratio 1/100, w/w) to cleave glutamyl bonds (16) . The mixture of peptides was fractionated by gel filtration on Sephadex G-75 Superfine (Fig. 2B) .
After succinylation of the c-amino groups of lysine, arginyl bonds were cleaved by incubation with TosPhe-CH2CI-treated trypsin (weight ratio trypsin/neutral protease 1/100) for 2 hr at pH 7.9. Hydrolysis was terminated by adding diisopropylphosphofluoridate, and the solution was applied directly to gel filtration columns (Fig. 2C) .
Carboxypeptidase A. Digestion with carboxypeptidase A § BNPS-skatole is the bromine adduct of 2-(2-nitrophenyl sulfenyl)-3-methylindole (15 was according to the procedure of Ambler (17) . The reaction was performed in 6 M urea at pH 9, 370 for 2 hr, and a weight ratio of carboxypeptidase/neutral protease of 1/40 was used.
RESULTS

Cleavage with cyanogen bromide
Amino-acid analysis of neutral protease A yielded three methionyl residues per molecule (18) . Gel filtration on Sephadex G-25 of the cyanogen bromide digest of the enzyme yielded five fractions ( Fig. 2A) . As will be shown belows fraction 1 contained fragments CB-I and CB-II (Fig. 1) , fraction 3 contained fragment CB-III, fraction 4 contained fragment CB-IV, and fraction 5 contained fragments CB-V and CB-VI. Fraction 2 was not further analyzed. For clarity, these cyanogen bromide fragments will be described in the order of their linear alignment in the polypeptide chain of neutral protease A (Fig. 1 ) starting with the amino terminus.
Fragment CB-III was obtained from fraction 3 ( Fig. 2A ) as a single homogeneous product. Sequenator analysis yielded the sequence Ala-Ala-Thr-Thr-Gly, which is identical to the amino-terminal sequence of the intact polypeptide chain. Fragments CB-V and CB-VI were obtained by chromatography of the pooled material of fraction 5 on Dowex 1 X 2. Analysis revealed that fragment CB-V was a heptadecapeptide composed of (Asx2.0, Ser3.6, Proo.9, Gly4.0, Ilel.o, Leu1.o, Tyro.7, Phe2.1, Hsej.2) and the amino-terminal sequence Ile-Tyr-Gly-Asp. Fragment CB-VI was a heptapeptide that contained one residue of homoserine and had the amino-terminal sequence Asp-Val-Thr-Ala-(His, Glu, Hse).
Fragment CB-I was obtained from fraction 1, provided that cyanogen bromide digestion was performed in 80% trifluoroacetic acid. It lacked homoserine and had the aminoterminal sequence Thr-His-Gly-Val-Thr-Gln-Glu-Thr-AlaAsn. However, when treatment with cyanogen bromide was performed in 70% formic acid, two fragments were obtained in approximately equal amounts, one that contained aspartic acid as amino-terminal residue and the other threonine. Sequenator analysis of this mixture was consistent with the interpretation that one of the chains was CB-I and the other CB-II, which had the amino-terminal sequence Asp-ValThr-Ala-His Glu-Hse-Thr-His-Gly, and represented an overlap of CB-VI and CB-I (Fig. 1 ). This interpretation was confirmed by 11 cycles of sequenator analysis (Asp-Val-ThrAla-His-Glu-Hse-Thr-?-Gly-Val) of fragment W-II ( Fig. 1 ) that had been isolated after tryptophanyl cleavage of the mixture of CB-I and CB-II by gel filtration on Sephadex G-50 in 50% formic acid, followed by recycling chromatography of the smaller fragments. These results indicate that the methionyl-threonyl bond between CB-VI and CB-I was only partially cleaved in 70% formic acid, but was completely cleaved in 80% trifluoroacetic acid, in accord with the observations of Schroeder et al. (14) .
The preceding data dictate alignment of the four primary cyanogen bromide fragments as follows. Since only CB-I lacks homoserine, it must be the carboxyl-terminal fragment. The amino-terminal sequence of CB-III is identical to that of the intact protein, hence CB-III must be the aminoterminal fragment. CB-VI precedes CB-I and thus the order of fragments is CB-III-CB-V-CB-VI-CB-I.
Cyanogen bromide digests also yielded from fraction 4 a minor peptide in about 5% yield, CB-IV ( Fig. 2A) , containing a single residue of homoserine and having the amino-terminal sequence, Leu-Ser-Lys-Pro-Thr-. This sequence is identical to that of positions 31-35 of the amino-terminal fragment CB-III (Fig. 3) . Since no homoserine was found in this region of CB-III, it is probable that during purification the peptide bond of Asx-Leu3I (Fig. 3) was cleaved by autolysis. The yield of this fragment was reduced by rapidly inactivating the freshly purified enzyme. However, the possibility cannot be excluded that an allotype of the enzyme exists that lacks the first 30 residues. In either case, subsequent cleavage with cyanogen bromide would produce the truncated amino-terminal fragment CB-IV.
Another peptide of interest (W-I) was generated as a byproduct of the tryptophanyl cleavage of the mixture of CB-I and CB-II. Since its amino terminal sequence (Asp-Ile-GlyGlu-) differed from that of CB-I and CB-II, it must originate from the interior of both CB-I and CB-Il (Fig. 1) .
Cleavage with Staphylococcal protease When succinylated fragment CB-III was treated with Staphylococcal protease, lyophilized, and the digest fractionated on a column of Sephadex G-75 (Fig. 2B) , fragments E-I and E-II were obtained. Since both of these fragments contained homoserine each must include the carboxyl-terminus of CB-III. Fragment E-I yielded the amino-terminal sequence Tyr-Asn-Leu-Pro-Gly, which is overlapped by cycles 19-23 of the sequenator analysis of CB-IV (residues 48-52 in Fig.  3 ). The amino terminal sequence of fragment E-II (LeuPhe-Tyr-Gln) did not coincide with any sequence determined thus far. Sequences in neutral protease A were derived as outlined in Fig. 1 , and aligned to maximize the number of identities. The numbers refer to residue numbers in thermolysin. Underlined residues are tentative assignments. Serine residues were placed at residues 134 and 136 in the sequenator analysis of R-I by taking into account the amino-acid composition of CB-V.
Cleavage at arginyl residues Tryptic digestion of succinylated neutral protease A resulted in several fragments that were separated by gel filtration on Sephadex G-75 (Fig. 2C) . Three pure peptides were obtained. Peptide R-I, derived from fraction 1 (Fig. 2C) , had the amino-terminal sequence Tyr-Asn-Asn-Ala-Ala-Trp-IleGly-Asp-Gln-Met-Ile-Tyr-Gly-The last three residues correspond to the first three residues of fragment CB-V. Since peptide R-I contained three methionine residues it must include CB-V and CB-VI and in addition overlap both CB-I and CB-III. Peptide R-II, derived from fraction 2 in Fig. 2C , lacked methionine and contained a single residue of arginine. The amino terminal sequence of R-II began with SerLeu-Ser-Asn-Pro, which is identical with the sequence of residues [15] [16] [17] [18] [19] of fragment W-I (residues 204-208 in Fig. 3) .
A third fragment (R-III) was isolated by chromatography of fraction 4 (Fig. 2C) on DEAE-Sephadex. Since aminoacid analysis indicated that this peptide lacked both methionine and arginine, it was assigned to the COOH-terminal position. Sequenator analysis of R-III yielded Asp-Leu-TyrGly-Ser-Gln-Asp-Ala-Ala-Ser-Val-Glu-Ala-Ala-Trp-Asn-AlaVal-Gly. Leucine was tentatively identified as the COOHterminal residue because of the difference between the amino-acid composition of R-III (Asxa.2, Ser3.9, Glx2.0, Gly2.2, Ala5o, Val2.2, Leul.9, Tyrl.2, Trp) and the sequenator analysis through the penultimate residue. This assignment is consistent with observations that carboxypeptidase A re-
DISCUSSION
Partial sequence data for neutral protease A support the conclusion that this enzyme is homologous with thermolysin. Fig. 3 compares the sequences of these two enzymes, which are empirically aligned so as to maximize the number of identities. The frequency of identities appears to be most evident in the central portion of the molecule. For example, in the segment from residues 110 to 177 the identity is 59%, whereas in the amino-terminal region (positions 1 to 55), the identity is only 27%. The carboxyl terminal portions of the enzymes (residues 186-217; 294-315) also show extensive identity; 57% of the residues occurred in corresponding positions. Among 171 identified residues of neutral protease, 83 (49%) occur in identical loci in thermolysin.
The pattern of identities is particularly evident in the regions that include structurally and functionally important residues of thermolysin ( Table 1) . Nine of the 13 residues implicated in the active site of thermolysin (4) (7) . A common feature of both enzymes-is that they bind calcium, apparently necessary for stability (19) (20) (21) (22) , and zinc, necessary for catalysis (23, 24) . It is therefore reasonable to inquire whether the metal ligands are mutable. (4, 25) presents a somewhat more complex problem since the placement of the gaps in Fig. 3 (Fig. 3) The numbering of residues is that for thermolysin (3) . Symbols in the neutral protease column indicate that the residue has not yet been identified (?) or has been deleted from neutral protease (-).
zymes, it is evident that divergence of the neutral metalloendopeptidases has involved a considerable number of interchanges, some of which lie within the internal portion of thermolysin. Of 171 residues placed in sequence in neutral protease, 47 correspond to internal positions in thermolysin (4) . Of these 47 residues, 26 are preserved, 14 are conservative replacements, and 7 may represent significant changes (residues 20, 22, 30, 44, 167, 174, and 176). Whether these changes do result in altered geometry cannot be ascertained on the basis of the available data and must await crystallographic studies.
One of the aims of investigating neutral protease A was to develop a model system which, in conjunction with thermolysin, would be useful in studying thermostability in enzymes (18, 26) . So far no unusual differences in their structures appear to provide a compelling explanation of their differences in thermal stability. However, identification of structural differences between these two molecules, particularly in the area of the calcium binding sites, seems worthy of further investigation.
